Abstract Guanosine, a guanine-based purine, is recognized as an extracellular signaling molecule that is released from astrocytes and confers neuroprotective effects in several in vivo and in vitro studies. Astrocytes regulate glucose metabolism, glutamate transport, and defense mechanism against oxidative stress. C6 astroglial cells are widely used as an astrocyte-like cell line to study the astrocytic function and signaling pathways. Our previous studies showed that guanosine modulates the glutamate uptake activity, thus avoiding glutamatergic excitotoxicity and protecting neural cells. The goal of this study was to determine the gliopreventive effects of guanosine against glucose deprivation in vitro in cultured C6 cells. Glucose deprivation induced cytotoxicity, an increase in reactive oxygen and nitrogen species (ROS/RNS) levels and lipid peroxidation as well as affected the metabolism of glutamate, which may impair important astrocytic functions. Guanosine prevented glucose deprivation-induced toxicity in C6 cells by modulating oxidative and nitrosative stress and glial responses, such as the glutamate uptake, the glutamine synthetase activity, and the glutathione levels. Glucose deprivation decreased the level of EAAC1, the main glutamate transporter present in C6 cells. Guanosine also prevented this effect, most likely through PKC, PI3K, p38 MAPK, and ERK signaling pathways. Taken together, these results show that guanosine may represent an important mechanism for protection of glial cells against glucose deprivation. Additionally, this study contributes to a more thorough understanding of the glial-and redox-related protective properties of guanosine in astroglial cells.
Introduction
The neurotransmitter and modulator effects of extracellular purine nucleosides and nucleotides are well established [1] [2] [3] . In addition, extracellular purines exert trophic and neuroprotective effects [2] [3] [4] [5] . Guanosine, a guanine-based purine, is recognized as an extracellular signaling molecule. Guanosine is released from astrocytes and confers neuroprotective effects in several in vivo and in vitro studies [3, [6] [7] [8] [9] [10] [11] . Guanosine can effectively protect cells against hypoxia [12, 13] , cytotoxicity induced by the β-amyloid peptide [14] , chronic cerebral hypoperfusion [15] , ischemic insults [16] [17] [18] , and other glutamatergic excitotoxic damage, such as seizures that are induced by quinolinic acid [3, 9, 19, 20] and methylmercury-induced oxidative stress [21] . Although there is increasing evidence showing the neuroprotective effects of guanosine on models of neurotoxicity, its mechanisms are not fully understood. However, guanosine may mediate its effects through the modulation of the mitogen-activated protein kinases (MAPKs) and the phosphoinositide 3-kinase (PI3K) signaling pathways [22, 23] .
Astrocytes are key cells in the central nervous system (CNS) and serve a wide range of adaptive functions. Specifically, astrocytes regulate the metabolic support of neurons, energy metabolism, neurotransmitter systems, ionic homeostasis, and the defense against oxidative stress. In addition, astrocytes can play a protective role by releasing neurotrophic factors [24] [25] [26] [27] [28] [29] [30] . Astrocytes are also the primary cells responsible for glutamate transport into glial cells, maintaining glutamate homeostasis within the brain and contributing to the maintenance of extracellular concentration of glutamate below toxic levels, thus avoiding glutamatergic excitotoxicity [27, 28, [31] [32] [33] .
Once taken up by astrocytes, glutamate may be converted to glutamine by glutamine synthetase (GS-EC 6.3.1.2) [34] [35] [36] . Following this conversion, glutamine returns to neurons and is converted back to glutamate, which is utilized for synaptic transmission [35, 37] . The biosynthesis of glutathione (GSH), a major antioxidant molecule in the brain, is another endpoint of glutamate [34, [38] [39] [40] .
C6 astroglial cells are widely used as an astrocyte-like cell line to study astrocytic parameters, such as glutamate uptake, GS activity, GSH levels, S100B secretion, and oxidative and inflammatory responses. These cells are an important astrocytic cell model because of their ability to be stained for the presence of glial fibrillary acidic protein and S100B [41] [42] [43] [44] [45] [46] [47] .
Glucose is the essential energy substrate of the adult brain [25, 48] . Glucose enters into the cells through glucose transporters and astrocytes are the only cells in the brain that have the ability to store glucose as glycogen [25, [48] [49] [50] . Astrocytes possess a specific cytoarchitecture that enables them to sense their surroundings and dynamically respond to changes in their microenvironment, such as changes in the glucose levels [25, 51] . Astrocytes take up glucose and characteristically display a high glycolytic rate [52, 53] . C6 astroglial cells metabolize glucose in relation to their sensitivity to the changes in extracellular glucose levels [54] [55] [56] [57] .
Hypoglycemic encephalopathy, a serious CNS disorder, induces cellular damage, predominantly in the hippocampal and cortical structures [58] . The mechanisms that are responsible for cell death in this pathology include glutamate excitotoxicity and mitochondrial disruption [58] . Furthermore, oxygen and glucose deprivation occurs during cerebral ischemia, which induces an increase in reactive oxygen and nitrogen species (ROS/RNS) levels and changes in the glutamatergic neurotransmission [59] [60] [61] . Thus, due to the important role of glucose in CNS metabolism, its homeostatic dysregulation may impair the essential functions of astrocytes.
Our group has reported that guanosine modulates important glial parameters that are involved in brain plasticity [3] . In the present study, we investigated the effect of guanosine on C6 astroglial cells during glucose deprivation in vitro by exchanging DMEM with glucose for glucose-free DMEM. Therefore, using C6 cells that were subjected to glucose deprivation, the following guanosine roles were evaluated: (1) as a glioprotective molecule (by evaluation of the cell membrane integrity and metabolic activity), (2) as an antioxidant molecule (by measuring the ROS/RNS levels and lipid peroxidation), and (3) as a modulator of the glutamatergic system (by measuring the glutamate uptake, GS activity and GSH intracellular levels). Additionally, the putative gliopreventive mechanisms of guanosine were explored.
Materials and Methods

Chemicals
Dulbecco's modified Eagle's medium (DMEM) with or without glucose and other materials for cell cultures were purchased from Gibco (Carlsbad, CA, USA). 2′-7′-Dichorofluorescein diacetate, propidium iodide (PI), MTT formazan, γ-glutamylhydroxamate, GSH standard, o-phtaldyaldehyde, BIS II, LY294002, SB203580, PD98059, peroxidase-conjugated anti-rabbit immunoglobulin (IgG), and guanosine were obtained from Sigma-Aldrich (St. Louis, MO, USA). L-[ 3 H]-glutamate, nitrocellulose membrane, and enhanced chemiluminescence (ECL) kit were from Amersham (Buckinghamshire, UK). Anti-EAAC1 was purchased from Alpha Diagnostic (San Antonio, TX, USA). All other chemicals were purchased from common commercial suppliers.
Maintenance of cell culture
The C6 astroglial cells were obtained from the American Type Culture Collection (Rockville, MD, USA) and were maintained essentially according to our previous publication [41] . The cells were seeded in flasks and maintained in culture in DMEM 6 mM glucose (pH 7.4) containing 5 % fetal bovine serum (FBS), 2.5 mg/ml Fungizone®, and 100 U/l gentamicin, at a temperature of 37°C in an atmosphere of 5 % CO 2 /95 % air.
Exponentially growing cells were detached from the culture flasks using 0.05 % trypsin/ethylene-diaminetetracetic acid (EDTA) and seeded 10×10 3 cells/cm 2 in 96-, 24-, or 6-well plates. The cells were then maintained in DMEM (6 mM glucose and 5 % FBS) at 37°C in an atmosphere of 5 % CO 2 /95 % air until reach the confluence (third day in vitro).
Glucose and guanosine treatments
After the cell confluence, the culture medium was removed from well plates and serum-free DMEM 6 mM glucose was added, and cells were preincubated in the absence or presence of 100 μM of guanosine for 1 h. After preincubation, the medium was replaced with serum-free DMEM with 6 mM glucose (control) or glucose-and serum-free DMEM (0 mM) (glucose deprivation), and both groups were maintained for 12 h. Guanosine 100 μM was maintained for this 12 h of treatment (DMEM with or without glucose). To study the signaling pathways involved in the glutamate uptake mechanisms, we coincubated with guanosine: BIS II (1 μM), LY294002 (10 μM), SB203580 (5 μM), and PD98059 (5 μM), the specific inhibitors of PKC, PI3K, p38 MAPK, and ERK, respectively.
Membrane integrity and metabolic activity
For PI incorporation assay (membrane integrity), 7.5 μM PI was added, and cells were incubated for 12 h at 37°C in an atmosphere of 5 % CO 2 /95 % air. The optical density of fluorescent nuclei (labeled with PI), used to indicate a loss in membrane integrity, was determined with Optiquant software (Packard Instrument Company). Density values obtained are expressed as a percentage of the control condition.
For MTT reduction assay (metabolic activity), 50 μg/ml MTT was added, and cells were incubated for 30 min at 37°C in an atmosphere of 5 % CO 2 /95 % air. Subsequently, the medium was removed and the MTT crystals were dissolved in dimethyl sulfoxide. Absorbance values were measured at 560 and 650 nm. Results are expressed as percentages of the control condition.
DCFH oxidation
Intracellular ROS levels were detected using the nonfluorescent cell-permeating compound, 2′-7′-dichlorofluorescein diacetate (DCFH-DA). It enters the cells and is hydrolyzed by intracellular esterases to dichlorofluorescin (DCFH), which is trapped within the cell. This nonfluorescent molecule is then oxidized into fluorescent dichlorofluorescin (DCF) by the action of cellular oxidants. DCFH-DA (10 μM) was added, and cells were incubated for 30 min at 37°C. Following DCFH-DA exposure, the cells were scraped into phosphate-buffered saline (PBS) with 0.2 % Triton X-100. The fluorescence was measured in a plate reader (Spectra Max GEMINI XPS, Molecular Devices, USA) with excitation at 485 nm and emission at 520 nm [44] . Results are expressed as percentages of the control condition.
TBARS measurement
Lipid peroxidation can be evaluated by the thiobarbituric acid reactive substances assay. This method evaluates the oxidative stress assayed for malondialdehyde, the last product of lipid breakdown caused by oxidative stress. The assay was performed as previously described [62] . Briefly, cells were lysed in PBS with KCl (140 mM) and 100 μl of lysed cell suspension were added to 200 μl of cold 10 % trichloroacetic acid (TCA) and 300 μl of 0.67 % TBA in 7.1 % sodium sulfate and put in a boiling water bath for 1 h. The mixture was placed in cold water for 3 min. Afterwards, 400 μl of butyl alcohol were added, and samples were centrifuged at 5,000×g for 5 min. Pink-stained thiobarbituric acid reactive substances (TBARS) were determined using resulting supernatants in a spectrophotometric microtiter plate reader at 532 nm. A calibration curve was performed using 1,1,3,3-tetramethoxypropane. Results are expressed as percentages of the control condition.
Nitrite levels
Nitric oxide levels were determined by measuring the amount of nitrite [a stable oxidation product of nitric oxide (NO)], as indicated by the Griess reaction. The Griess reagent was prepared by mixing equal volumes of 1 % sulfanilamide in 0.5 M HCl and 0.1 % N-(1-naphthyl) ethylenediamine in deionized water. The assay was performed as described [63] , with modifications. Briefly, cells were cultured on 96-well plate and the Griess reagent was added directly to the cell culture, and the incubation was maintained for 15 min in a dark, room temperature atmosphere. Samples were analyzed at 550 nm on a microplate spectrophotometer. Nitrite concentrations were calculated using a standard curve prepared with sodium nitrite (0-50 μM). Results are expressed as percentages of the control condition.
Glutamate uptake
After the cells reached confluence, the glutamate uptake was performed as previously described [41] 3- 3 H] glutamate. The cell incubation was stopped after 10 min by removing the medium and rinsing twice with ice-cold HBSS. The cells were then lysed in a solution containing 0.5 M NaOH. Incorporated radioactivity was measured in a scintillation counter. Sodium-independent uptake was determined using N-methyl-D-glucamine instead sodium chloride. Sodiumdependent glutamate uptake, considered specific uptake, was obtained by subtracting the sodium-independent uptake from the total uptake. Results are expressed as percentages of the control condition.
Western blot analysis
Cells were solubilized with lysis solution with 4 % sodium dodecyl sulfate (SDS), 2 mM EDTA, 50 mM Tris-HCl, pH 6.8. Equal amounts of proteins from each sample were boiled in a sample buffer [62.5 mM Tris-HCl, pH 6.8, 2 % (w/v) SDS, 5 % β-mercaptoethanol, 10 % (v/v) glycerol, 0.002 % (w/v) bromophenol blue] and submitted to electrophoresis in 10 % (w/v) SDS-polyacrylamide gel. The separated proteins were blotted onto a nitrocellulose membrane. Equal loading of each sample was confirmed with Ponceau S staining (Sigma). The membrane was incubated with polyclonal antibody anti-EAAC1 (1:1,000), and β-actin was used as loading control. After incubating overnight with the primary antibody at room temperature, membrane was washed and incubated with peroxidase-conjugated antirabbit IgG at a dilution of 1:1,000 for 1 h. The chemiluminescence signal was detected using an ECL, after which the films were scanned and the bands were quantified using the Scion Image software.
Glutamine synthetase activity
The enzymatic assay was performed as previously described [41] . Briefly, 0.1 ml lysed cell suspension solubilized in 140 mM KCl was added to 0.1 ml of the reaction mixture containing (in mM): 10 MgCl 2 , 50 L-glutamate, 100 imidazoleHCl buffer (pH 7.4), 10 2-mercaptoethanol, 50 hydroxylamineHCl, and 10 ATP, and incubated for 15 min (37°C). The reaction was stopped by the addition of 0.4 ml of a solution containing (in mM): 370 ferric chloride, 670 HCl, and 200 TCA. After centrifugation, the absorbance of the supernatant was measured at 530 nm and compared to the absorbance generated using standard quantities of γ-glutamylhydroxamate treated with a ferric chloride reagent. Results are expressed as percentages of the control condition.
GSH levels GSH levels were assessed as previously described [64] . Lysed cell suspension solubilized in PBS with KCl (140 mM) was diluted in 100 mM sodium phosphate buffer (pH 8.0) containing 5 mM EDTA, and the protein was precipitated with 1.7 % meta-phosphoric acid. The supernatant was assayed with o-phthaldialdehyde (1 mg/ml methanol) at room temperature for 15 min. Fluorescence was measured using excitation and emission wavelengths of 350 and 420 nm, respectively. A calibration curve was performed with standard GSH solutions (0-500 μM). GSH concentrations were calculated as nanomoles per milligram protein. Results are expressed as percentages of the control condition.
Protein assay
Protein content was measured using Lowry's method with bovine serum albumin as a standard [65] .
Statistical analyses
Data were statistically analyzed using one-way analysis of variance (ANOVA), followed by the Tukey's test. P's<0.05 were considered significant. All analyses were performed using the Statistical Package for Social Sciences software version 15.0.
Results
The membrane integrity of C6 astroglial cells after 12 h of glucose deprivation was evaluated by measuring the PI incorporation (Fig. 1a) , and the metabolic activity was determined by MTT assay; the results of this assay were expressed as the relative cell viability (Fig. 1b) . Glucose deprivation, from 6 to 0 mM, increased the PI incorporation (13 %, P<0.05) and decreased the cell viability (20 %, P<0.05) compared to control condition. Guanosine protected the membrane integrity and the cell viability, restoring both parameters to the control value, with no effect in the control condition.
The DCFH oxidation in C6-cultivated cells increased by approximately 28 % following treatment for 12 h with glucose-free DMEM, indicating an increase in the ROS levels (Fig. 2a) . Guanosine prevented this effect, dropped Fig. 1 The effects of guanosine on membrane integrity and metabolic activity against glucose deprivation-induced cytotoxicity in C6 astroglial cells. Membrane integrity-PI incorporation (a) and metabolic activity-MTT reduction (b), indicated as the relative cell viability, were measured as described in "Materials and Methods." The data are expressed as a percentage of the control condition and represent the mean±SEM of three experimental determinations performed in triplicate and analyzed statistically by one-way ANOVA followed by the Tukey's test. *P<0.05, significant differences from the control (6 mM glucose) the levels from 128±10 % to 104±7 % (P<0.01), indicating that guanosine may play an antioxidant role. Next, we evaluated the lipid peroxidation using a TBARS assay. Glucose deprivation increased the TBARS levels by about 14 % (P<0.05) compared with the control condition (Fig. 2b) . Guanosine prevented the glucose deprivation-induced cytotoxicity via lipid peroxidation. The production of NO was indirectly measured by the formation of nitrite (Fig. 2c) . Glucose deprivation increased the nitrite levels up to 18 % (P<0.05), whereas guanosine prevented this effect. Guanosine had no effect on these three parameters in the control condition.
As shown in Fig. 3a , glucose deprivation decreased the glutamate uptake, from 100±8 % to 84±9 % (P<0.01); guanosine significantly prevented this effect. As expected, the immunocontent of EAAC1, which is the primary glutamate transporter present in C6 cells, was also decreased by glucose deprivation (Fig. 3b) . This effect was inhibited by guanosine, and both results indicate that guanosine could effectively modulate the glutamate uptake activity and the glutamate transporter levels under cellular injury. Guanosine had no effect on these two parameters in control condition.
The regulation of EAAC1 is not fully understood, although signaling pathways, such as protein kinase C (PKC) and PI3K, may be involved in its regulation in C6 cells [66] [67] [68] [69] . Therefore, we used the PKC (BIS II, 1 μM) and PI3K (LY294002, 10 μM) inhibitors to investigate the pathways by which guanosine could modulate the glutamate uptake activity. Guanosine coincubated with the PKC (Fig. 3c) and PI3K (Fig. 3d) inhibitors lost the ability to prevent the decreased glutamate uptake activity caused by glucose deprivation. The MAPK signaling pathway has also been described as a modulator of glutamate uptake [70, 71] . Because guanosine modulates this pathway [14] , we investigated whether the protective effect of guanosine on glutamate uptake was also dependent of p38 MAPK and ERK. Coincubation with the p38 MAPK inhibitor (SB203580-5 μM, Fig. 3e ) and the ERK inhibitor (PD98059-5 μM, Fig. 3f ) abolished the preventive effect of guanosine on glucose deprivation-decreased glutamate uptake in C6 cells. Guanosine had no effect in the control condition.
A main destination of glutamate in astroglial cells is its conversion to glutamine by glutamine synthetase. The exposure of C6 astroglial cells to the glucose-free DMEM decreased the GS activity by about 19 %, P<0.01 (Fig. 4a) . Guanosine increased the GS activity in the control conditions (13 %, P<0.05) and during the glucose deprivation condition (from 81±9 % to 103±9 %). As it was reported that PKC signaling pathway appears to modulate this enzyme [72] , we determined whether the effect of guanosine could be dependent of PKC. Coincubation of guanosine with 1 μM BIS II, a PKC inhibitor (Fig. 4b) , abolished the guanosine effects.
Glutamate is also a precursor of GSH synthesis in glial cells; therefore, the GSH intracellular levels were measured (Fig. 5) . Glucose deprivation decreased the GSH intracellular levels by approximately 15 % (P<0.01). Guanosine prevented this decrease with no effect in the control condition. Fig. 2 Guanosine presents antioxidant effect in C6 astroglial cells. Guanosine decreased the ROS levels (a), the lipid peroxidation (b), and the nitrite levels (c) that were induced by glucose deprivation. The assays were performed as described in "Materials and Methods." The data are expressed as a percentage of the control condition and represent the mean ± SEM of three experimental determinations that were performed in triplicate and analyzed statistically by one-way ANOVA followed by Tukey's test. *P<0.05, **P<0.01, significant differences from the control (6 mM glucose)
Discussion
The effects of guanosine on the brain have been studied in a variety of experimental neuropathological protocols [3] , including brain trauma [73] , brain ischemia [13, 17, 18, 74] , and seizures [7, 19] . These conditions may involve glutamatergic excitotoxicity, metabolic changes, and/or oxidative stress. Although the neuroprotective role of guanosine Fig. 3 Guanosine modulates glutamate uptake. Guanosine prevents glucose deprivation-induced glutamate uptake (a) and the decreased in the EAAC1 levels (b). The signaling pathways involved in the effect of guanosine on glutamate uptake. The following inhibitors were used: BIS II-a PKC inhibitor (c), LY294002-a PI3K inhibitor (d), SB203580-a p38 MAPK inhibitor (e), PD98059-an ERK inhibitor (f). The glutamate uptake and the Western blot analysis were measured as described in "Materials and Methods." The data are expressed as a percentage of control condition and represent the mean±SEM of three experimental determinations that were performed in triplicate and analyzed statistically by one-way ANOVA followed by Tukey's test. The absolute value in the control condition for glutamate uptake was 0.72± 0.06 nmol/mg protein/min. *P<0.05, **P<0.01, significant differences from control in the CNS is well established [3] , the cellular mechanisms underlying the guanosine-induced selective protection of neural cells need to be better elucidated. In this study, we reported that guanosine modulated the important glial functions in C6 cultured cells under in vitro glucose deprivation and the putative mechanisms of its gliopreventive effects.
Astrocytes play a critical role in the regulation of brain metabolic responses, including glucose metabolism [75] . Hypoglycemic conditions induce cellular damage in the brain [76] . C6 astroglial cells under normoglycemic conditions have been used as an astroglial model to study cellular functions and cell signaling [43, 77] . In this study, we investigated the effect of glucose deprivation, as a model of cytotoxicity, on C6 cultured astroglial cells. The decrease in the intracellular glucose levels reduces the amounts of the intermediates that are formed during glucose and glycogen metabolism, inducing failures in the mitochondrial function, a decrease in the NADH levels, an impairment of the redox balance with reduced ATP formation and, consequently, overproduction of the ROS by uncoupling glucose metabolism from the oxidative transport chain activity [51, 76, 78, 79] . Excessive free radicals lead to damages in lipids, proteins and DNA [80] [81] [82] [83] . Guanosine prevented the cytotoxicity induced by glucose deprivation. This effect could be related, at least partially, to the release of a guanine-based purine after astrocytic hypoglycemic insults [6] , its trophic properties and ability to stimulate astrocyte proliferation [84] , its modulatory effects on the glutamatergic system [3] , and its antioxidant properties. Additionally, guanosine promotes the activation of the PI3K signaling pathway, upstream of glycogen synthase kinase 3, which may regulate the glucose uptake, ROS levels and, thus, cell survival [13, 85, 86] .
The present data show that the damage caused by hypoglycemia (measured by PI and MTT) was attenuated by guanosine (Fig. 1) . The putative mechanisms involved in this glioprotection may have been achieved because guanosine abolished an increase in the ROS levels and the lipid peroxidation. Guanosine specifically decreased the NO levels and most likely decreased the levels of peroxynitrite. This effect may arise from an improvement in antioxidant defenses and/or from the inhibition of nitric oxide synthase. Peroxynitrite, which is formed by the reaction between NO and a superoxide anion, is one of the main molecules responsible for cellular damage and neurodegenerative disorders [87] . The oxidative and nitrosative stress may be responsible for cytotoxicity from glucose deprivation. Furthermore, NO Fig. 4 Guanosine increases the GS activity. The basal GS activity (a) and the GS activity with BIS II, a PKC inhibitor (b), were measured as described in "Materials and Methods." The data are expressed as a percentage of the control condition and represent the mean±SEM of three experimental determinations that were performed in triplicate and analyzed statistically by one-way ANOVA followed by Tukey's test. The absolute value was 0.8±0.07 μmol/mg protein/min and 0.95±-0.08 μmol/mg protein/min for the control conditions and for the addition of BIS II, respectively. *P<0.05, **P<0.01, significant differences from the control; # P<0.05, significant differences from the condition using 6 mM glucose and guanosine Fig. 5 The effects of guanosine and glucose deprivation on GSH levels. GSH levels were measured as described in "Materials and Methods." Data are expressed as a percentage of the control condition and represent the mean±SEM of three experimental determinations that were performed in triplicate and analyzed statistically by one-way ANOVA followed by Tukey's test. The absolute value obtained in the control conditions for GSH levels was 8.1±0.7 nmol/mg protein. **P<0.01, significant differences from the control is thought to play an important role in the pathophysiology of stroke, involving oxygen and glucose deprivation [88, 89] .
Guanosine induces the expression of heme oxygenase 1 (HO1) via the PI3K pathway, thus protecting neural cells [90, 91] . This protein acts as a scavenger of NO and has been associated with adaptive cytoprotection against a wide array of toxic insults by modulating antioxidant defenses, such as GSH system and thioredoxin [92, 93] . Resveratrol is another antioxidant that modulates glial functions [43] and induces HO1 expression, thereby, under experimental conditions, protecting against stroke, which is a condition associated with glucose deprivation [94] . Therefore, guanosine may be effective against glucose deprivation toxicity either directly by its ROS/RNS-scavenging effect and/or by activating HO1.
The antioxidant effect of guanosine was reinforced by the modulation of the GSH homeostasis, the major nonenzymatic antioxidant in the CNS [40] . The increase in GSH levels in glial cells confers protection against neurodegenerative diseases, such as Alzheimer's and Parkinson's diseases [95, 96] . Moreover, the tripeptide GSH constitutes a nonenzymatic scavenger and substrate for glutathione peroxidase [34, 97] . Glucose deprivation induces a decrease in NADPH regeneration, a molecule that is required to maintain glutathione in a reduced form (GSH) via glutathione reductase [79, 98] . Furthermore, Brongholi et al. [99] reported that oxygen-glucose deprivation decreases the GSH levels and glutamate uptake in rat hippocampal slices. As in C6 cells, glutamate and cystine share the same transport system [the cystine/glutamate (xc) antiporter], the elevation of the extracellular glutamate levels may contribute to the impairment of cystine transport and, consequently, the GSH biosynthesis [100] . Note that the depletion of GSH in the glial cells induces cytotoxicity and impairment of the glutamate transporters [96, 101] . In this context, the antioxidant effect of guanosine during glucose deprivation could decrease the oxidation of GSH, providing glioprotection that is associated with a scavenger activity.
The cellular energy failure associated with the glucosefree medium also results in disruption of the ionic gradient and deregulation of the glutamate transporters [102] . The glutamate uptake is performed by a specific system, the excitatory amino acids transporters (EAATs), which are vulnerable to the action of biological oxidants, which reduce their uptake function [32, 103, 104] . In this study, under the deprivation of extracellular glucose, guanosine modulated the EAAC1 (EAAT3) levels. Although this transporter is responsible for the support of de novo GSH synthesis, it is also sensitive to oxidative stress [105] . Typically, the activation of PKC and PI3K pathways regulates the expression of EAAC1 [13, 66] . In addition, the activation of the PI3K pathway increases the surface expression of EAAC1 in the transfected cells, further increasing the glutamate transport activity [68] . Several studies have shown that EAAC1 activity is partially regulated by its traffic between cytosol and plasma membrane [106] . The present data show that the PI3K signaling pathway is involved in the guanosine modulation of the glutamate uptake, which agrees with other studies that demonstrate the ability of guanosine to promote neuroprotection by activation of this pathway [85, 90, 107] . The MAPK signaling pathway has also been described as a modulator of glutamate uptake [70, 71] , and guanosine also modulates this pathway [85] . Here, guanosine reversed the decrease in glutamate uptake caused by glucose deprivation; however, this effect was abolished by the p38 MAPK and ERK specific inhibitors. Additionally, the activation of MAPK/ERK is considered one of the major protective pathways in glucose deprivation [108, 109] .
Although its mechanism of action remains unknown, our previous results indicate that guanosine may exert neuroprotection by the stimulation of the glutamate uptake activity in astroglial cells, counteracting glutamate excitotoxicity [3] . For over 25 years, our group has studied the effects of guanosine on the CNS. Frizzo et al. and Gottfried et al. [5, 110] showed that guanosine increases the glutamate uptake in putatively basal conditions, without focusing on the mechanism involved in this effect. Herein, we revealed that guanosine prevented the decrease in glutamate uptake under a cytotoxic insult, probably by the activation of EAAC1 glutamate transporter and PKC, PI3K, p38 MAPK, and ERK signaling pathways and/or by antioxidant/scavenger activity.
In astrocytes, glutamate may be oxidized to CO 2 and/or may be a precursor of GSH and a precursor of glutamine via the enzyme GS [36] , thus entering in the glutamate-glutamine cycle [37, 111] . Guanosine increased the GS activity in the control (normoglycemic) and toxic (deprivation of glucose) conditions, and this activation can represent an important pathway that reinforces the action of guanosine on glutamate metabolism. Moreover, this increase could also indicate that guanosine acts as a neuroprotective endogenous molecule, simultaneously promoting the uptake and clearance of glutamate, avoiding glutamatergic excitotoxicity. Additionally, the activity of GS helps in the maintenance of the GSH production. Importantly, the GS activity decreased under the glucose deprivation condition. This enzyme is highly sensitive to oxidative and nitrosative stress and is dependent of ATP [60] . The PKC isoforms may regulate the GS expression [72] , and in this study, we observed that the effect of guanosine on the GS activity is dependent of PKC pathway.
Guanosine is emerging as an important research focus of both in vitro and in vivo studies of neurotoxicity and neuroprotection. The understanding of the influence of guanosine on glial changes is critical for the elucidation of the cellular and molecular mechanisms of the effects of this nucleoside. Our results show that cytotoxicity and oxidative and nitrosative stress that are induced by glucose deprivation were prevented by guanosine. We also found that the effect of guanosine on glutamate metabolism under glucose deprivation was via a mechanism dependent of the PKC, PI3K, and MAPK pathway activation. Thus, the present study contributes to better understanding of the glial-and redoxrelated protective properties of guanosine in astroglial cells.
